The effect of different defoliation patterns within a tussock grass on CO2 and water vapor exchange of entire tussocks was assessed and compared with differences in regrowth behavior. During rapid spring growth, 60% of the green foliage area was removed from Agropyron desertorum tussocks in different spatial patterns. Compensatory growth responses of defoliated tussocks corresponded well with increases in integrated daytime CO2 exchange rate of tussocks per unit foliage area (CERd) immediately following clipping. When leaves were removed from low in the tussock (older leaves), both regrowth and CERd were greater than after removal of foliage located high in the canopy (younger leaves). Water vapor conductance (gw) increased similarly for all clipped plants, regardless of defoliation pattern. Thus, the differential responses of CER~ to the defoliation patterns could not be fully attributed to changes in gw. The increases in gw of all clipped plants resulted in large increases in tussock daytime water loss (Ed) and decreases in tussock water-use efficiency (CER~/Ee), even in the case where mostly older, shaded foliage was removed. Despite increases in CERe, whole-tussock CO2 fixation (net CO2 exchange per tussock) declined immediately after clipping because of the removal of considerable foliage. Whole-tussock CO2 uptake recovered more rapidly in tussocks which had lower leaf blades removed than in tussocks which had upper foliage removed because of differences in the rate of new foliage production.
Although plant response to herbivory varies widely with species and circumstances, increases in the growth rate of some species following foliage removal have often been observed (McNaughton 1983) . The stimulation of plant growth following defoliation often results in at least partial compensation for the tissue removed (McNaughton 1979 (McNaughton , 1983 Caldwell et al. 1981; Dyer et al. 1982) . Increases in carbon dioxide assimilation rates (Gifford and Marshall 1973; Heichel and Turner 1983; Woledge 1977) , stomatal conductance (Detling and Painter ~983; Wallace etal. Offprint requests to: M.M. Caldwell 1984), and soluble protein concentrations (Nowak and Caldwell 1984) of regrowing foliage have also been observed. However, attempts to directly relate such physiological phenomena at the single-leaf level to whole-plant responses have met with limited success (Gifford and Jenkins 1982; Detling and Painter 1983 ; Nowak and Caldwell 1984; Bunce 1986 ). Defoliation can inflict substantial changes in the physical structure and light interception of dense plant canopies in addition to influencing the gas exchange characteristics of individual foliage elements. Thus, although plant growth responses following defoliation might be closely linked with whole-canopy photosynthesis, they may not necessarily be well correlated with single-leaf photosynthesis behavior.
We have shown that different spatial patterns of defoliation within a tussock grass, Agropyron desertorum (Fisch. ex Link) Schult., resulted in differential regrowth (Gold and Caldwell 1989a) . To determine if the different tussock regrowth patterns corresponded to tussock COz exchange, the gas exchange of tussock canopies was measured before and after they were defoliated in different spatial patterns. We also examined the ratio of daytime CO2 uptake to water vapor loss (WUE) to evaluate the hypothesis that certain patterns of defoliation (i.e., those removing mostly older, shaded foliage) might result in increased WUE during regrowth (Caldwell et al. 1983 a) .
Methods

Study area
The experiments were conducted in a field plot in northern Utah (41045 ' N, 111048 ' W, 1460 m above sea level). The plot consisted of evenly spaced (50 cm), alternating Artemisia tridentata ssp. vaseyana (Rydb.) Beetle and Agropyron desertorum plants which had been transplanted eight years before these experiments. The Artemisia plants presented a uniform competitive background for the grasses. More site information can be found in Gold and Caldwell (1989 a) .
Defoliation patterns
Four A. desertorum tussocks were randomly assigned to one of three replicate sets, and each of the four plants within a set was assigned to a different defoliation pattern. The defoliation of the 3 replicate sets was staggered over a 5-d period. This allowed simultaneous gas exchange measurements of all four plants within a set immediately before and after defoliation since only four whole-plant gas exchange chambers were available. Three of the four plants in each set were clipped with scissors between May 12 and May 16, 1986. The fourth plant remained intact as a control. The tussocks of the first two sets were still in a culmless state, with the apical meristems near the soil surface, at the time of clipping. When the third set of tussocks was clipped, culm elongation had begun, though the apical meristems were not sufficiently elevated to be removed by the defoliation treatments. All of the tillers on the tussock were clipped to the same height above the ground in the uniformdefoliation pattern. The other two clipping treatments removed either the lowest 2 to 3 green leaf blades on each tiller (-lower) or the uppermost 2 to 3 green leaf blades from each tiller (-upper) . There were 4 to 5 green leaf blades present on each tiller prior to defoliation. In all cases, approximately 60% of the green foliage area of the plant was removed and the active meristems were left intact (Gold and Caldwell 1989a) .
The actual patterns of foliage removal experienced by A. desertorum tussocks in the field are highly varied. The -upper and -lower defoliation patterns were intended to represent extreme cases of the selective removal of leaf blade tissue, as might be effected by various insect herbivores (e.g., Hansen 1987) . The uniform defoliation pattern represented one of the more common patterns of less selective foliage removal imparted by grazing ungulates (Norton and Johnson 1983) . A uniform clipping is also commonly used in experimental tests of grass response to defoliation (e.g., Caldwell et al. 1981) .
Growth rates
Changes in the green foliage area of tussocks were estimated from dimensional measures of each leaf blade and sheath on ten permanently marked tillers within each tussock on successive dates (see Gold and Caldwell 1989a for details). Specific growth rates were calculated as the net change in green foliage area on each tiller divided by the amount of green foliage area present on that tiller at the beginning of the growth period. The specific growth rates of the ten tillers were averaged to represent the entire tussock. The number of tillers per tussock ranged from 150 to 350. Specific growth rates were calculated for two successive 14-d periods following defoliation.
Canopy gas exchange
Carbon dioxide and water vapor exchange of each tussock canopy was monitored for the first half of the daylight period and an entire nighttime period prior to defoliation. Air temperatures in the chambers were maintained at 20 ~ C to reduce day-to-day variation in environmental conditions. Nighttime air temperatures were also kept at 20 ~ C to allow the estimation of the magnitude of daytime dark respiration from that measured at night (e.g., Woledge and Parsons 1986) . Foliage temperatures were within 1.6 ~ C of air temperature. Leaf-to-air differences of water vapor concentration were maintained within the range of 0.017 to 0.023 mol mol-~ during the day. The day following defoliation, gas exchange was measured for an entire 24-h period with the same chamber conditions.
Gas exchange was measured in four 0.15-m 3 semi-cylindrical plexiglas cuvettes in an open gas exchange system. The incoming air was almost completely dehumidified (dew point = -25 ~ C) with heatless driers (Puregas Co.) before entering the chambers. Because the driers also removed a substantial amount of CO2, the dry air was mixed with CO2 so that the CO2 concentration of the incoming air was about 360 gl 1-1. The chamber air CO2 concentration ranged from 330 to 360 gl 1-1. The flow rate of incoming air (monitored with a pneumotachometer, Hans Rudolph Co., and a pressure transducer, Validyne Co.) was used to control the water vapor concentration of the chamber air. Stainless steel and teflon plumbing and a clear teflon film lining the inside of each cuvette were used to minimize adsorption of CO2 and water vapor. Water vapor concentrations of the ingoing and outgoing air streams were calculated from measurements of relative humidity (thin-film capacitance sensors, Vaisala Co.) and air temperature (platinum resistance thermometers, Omega Co.). The difference in CO2 concentration of the two air streams was monitored with an infrared gas analyzer (Analytical Development Co.). Leaf temperatures of each tussock were measured with four fine-wire thermocouples wired in parallel. Photosynthetic photon flux density, PPFD, was measured within each chamber with a quantum sensor (LiCor Co.). Chamber air temperatures were maintained with a microprocessor-controlled Peltier heat exchange system. The chamber walls were sealed at the soil surface around the tussock and a positive pressure was maintained in the chamber to prevent gas efflux from the soil (Leafe 1972) . All data were automatically digitized and recorded every ten seconds and averaged over sequential four-minute interrogation periods for each of the four chambers.
Gas exchange calculations followed those of yon Caemmerer and Farquhar (1981) . Green foliage area on each tussock was measured before and after clipping with inclined point quadrats (Warren Wilson 1960 , 1963 Caldwell et al. 1983 b) and canopy gas exchange rates were calculated on a unit green foliage area basis.
The 24-h time courses of COz exchange rates (CER; gmol CO2 m -z s-~) were separated into a total daytime period of net CO2 uptake (CERd; tool COs m -2) and a total nighttime period of CO2 efflux (CERn; mol CO2 m-2), or summed for 24 hours (CERz4). Daytime values of net CO2 uptake were doubled for the predefoliation measurements because uptake was only measured for the first half of the daytime period. For days where CO2 exchange was measured through the entire daytime period (e.g., after clipping), this resulted in estimates of CERd within 7% of the actual CERd.
Fractional changes (postclip/preclip) in gas exchange parameters (e.g., CERd, CER,, CER24) were examined because of initial differences in gas exchange rates among the tussocks. These fractional changes were not directly comparable among the replicate plant sets because of dayto-day variations in solar irradiance. Thus, the fractional change of each plant was relativized to the fractional change of the control plant of that set (resulting in relative values of 1.0 for all control plants).
Differences in fractional changes among clipping patterns were tested with analysis of variance in a randomized block design (with replicate plant sets as blocks) and linear contrasts, determined a priori, among the means of the clipped plants. The differences between each clipping pattern and control plants were evaluated by testing the hypothesis that the treatment mean was equal to 1.0. Mean differences are reported as significant when P< 0.05.
Results
Canopy C02 exchange
In the two of the three replicate sets, net daily carbon gain (CER24) immediately following defoliation was positively related to tussock regrowth rates over the first two weeks after clipping (Fig. 1) . The plants from which lower leaf blades were removed exhibited both the highest CER24 and the highest regrowth rates. The third set of plants (halfshaded symbols in Fig. 1 ), which was measured last, did not exhibit this relationship.
All clipped plants showed an increase in CERa4 and CERa relative to control plants following defoliation (Fig. 2 A, B) . These increases were significantly greater for the -lower plants (62% for CER24 ) than for plants of the uniform (20%) or -upper (15%) patterns. Nighttime CO2 efflux (CER,) also increased significantly in plants of all clipping patterns (Fig. 2 C) . Although the relative increases in CER, were large (100 to 150%), the increases in the absolute CO2 nighttime efflux were small compared to the increases in the amount of CO2 taken up during the daytime, i.e., 10 to 20%.
The gas exchange of one set of plants was also measured 7 d following defoliation to examine changes in tussock COz exchange after a period of regrowth. Although daytime CO2 uptake per unit foliage area (CERd; tool CO2 m -z) of defoliated tussocks increased immediately after clipping ( Fig. 3A ; day 0 to day 1) this only partially compensated for the amount of foliage removed. Whole-tussock daytime CO2 uptake (tool CO2 tussock-1) of clipped plants declined immediately following defoliation relative to the control tussock ( Fig. 3B ; day 0 to day 1). Whole-tussock CO2 uptake by the -lower plant declined less (day 0 to day 1) and recovered faster during regrowth (day I to day 7) (Fig. 3 B) . In contrast, CERd increased at the same rate for all clipped tussocks during the regrowth period (days 1 to 7) (Fig. 3A) . Thus, differences among clipping treatments in CERd during this regrowth period ( Fig. 3A ; day 1 to day 7) were a result of the initial effect of clipping on CERd (day 0 to day 1).
Water-use efficiency
Daytime canopy water-use efficiency (WUE) was calculated as the ratio of net daytime CO2 and water vapor exchange (CERd/Ed). The WUE of uniform and -upper defoliation plants declined relative to WUE of control plants, whereas the WUE of-lower plants was not different (P= 0.14) from the control plants (Fig. 4A) . However, there were no significant differences in WUE among the clipping patterns. Values of tussock WUE ranged from 0.9 to 2.2 (pmol CO2 mmol H20-1). Increases (relative to control tussocks) in daytime water loss per unit foliage area (Ed) ranged from 61 to 100 percent following defoliation, but these increases were not significantly different among the clipping patterns (Fig. 4B ).
Conductance and intercellular C02 concentration
Before clipping, the average values of water vapor conductance (gw; mmol H20 m -2 s-1) and intercellular CO2 concentration (el; gl 1-1) of tussocks through the middle 10 h of each day ranged from 40 to 118 and 230 to 287 respectively and after clipping from 46 to 139 and 235 to 305 for all tussocks. The middle 10 h of each day is the period of high irradiance, during which gw and c~ are relatively stable and most of the COs fixation takes place. Canopy gw increased following clipping from 37 to 50% relative to control tussocks, but the magnitude of increase was not different among the clipping patterns (Fig. 4C) . The responses of gw among treatments paralleled the responses of Ed (Fig. 4 B) . This is not surprising because foliage-to-air water vapor concentration differences were held relatively constant. Tussock c~ increased significantly following defoliation (Fig. 4D) relative to control plants. These increases in ci, which ranged from 6 to 10% (15-30 pl 1-1), were not significantly different among the clipping treatments.
Discussion
Defoliation spatial pattern and canopy gas exchange
The different shoot regrowth responses among the clipping patterns shown in a previous study (Gold and Caldwell 1989a) were paralleled by the responses of CER24 and CERd in this experiment. The correspondence between foliage regrowth and CERe (for Sets 1 and 2) suggests that regrowth was primarily constrained by CO2 fixation. This study was carried out in the spring, when availability of water and mineral nutrients was not likely to limit regrowth at our field site. In other experiments at this site, fertilization of A. desertorum with nitrogen and phosphorus in the spring of a year with high precipitation did not cause measurable increases in growth (M. Mazurski, unpublished data). Furthermore, morphological constraints to regrowth were minimized in all clipping patterns because active meristems were left intact (Gold and Caldwell 1989a ). Thus, carbon was probably the principal factor limiting foliage regrowth. The primary carbon source for springtime regrowth in A. desertorum is current photosynthate because labile carbon pools have been shown to be quite small even when compared with the COs uptake of plants more severely defoliated than those in this experiment (85% foliage removal; Richards and Caldwell 1985) . The importance of current photosynthate for regrowth has also been demonstrated for other grasses (Marshall and Sagar 1965; Davidson and Milthorpe 1966; Ryle and Powell 1975) .
Shifts in carbon allocation to favor aboveground plant parts at the expense of the root system are common following the defoliation of some grasses (Davidson and Milthorpe 1966; Richards 1984) . Belowground carbon allocation and growth were not measured in this study. Differential shifts in root:shoot carbon allocation among plants receiving the different defoliation patterns would compli-care the comparison of daily carbon gain and foliage production.
The relationship between CER2~ and regrowth was not consistent for the third set of experimental plants (Fig. 1) . This could have been due to the diversion of assimilate from foliage regrowth to inflorescence and seed development, which occurred more rapidly after clipping in the plants of Set 3. The plants in Set 3 were more phenologically advanced at the time of clipping than those of the other sets due, at least in part, to the later clipping date.
Within the first 24 h following defoliation, the increases in CER, of clipped plants were sufficiently large that the total nighttime COz efflux of clipped tussocks remained equal to control tussocks (Fig. 2C) . Increases in CERn could have been due to decreases in root: shoot carbon allocation or increases in soluble protein concentrations of regrowing foliage, both of which have been observed for A. desertorum (Richards 1984; Nowak and Caldwell 1984) . Although the relative increases in CER, after clipping were quite large in this study, they were of little significance for changes in 24-h tussock CO2 exchange. Increases in the amount of daytime CO2 uptake following defoliation were nearly an order of magnitude larger than the increases in the amount of CO2 lost at night.
The WUE of whole tussocks is affected by the light environment and spatial distribution of foliage within the tussock in addition to the gas exchange behavior of individual foliage elements. However, the enhanced regrowth rates of all clipped tussocks in our study were achieved at the expense of a reduced WUE (Fig. 4A) . Caldwell etal. (1983a) also found decreases in WUE following a severe uniform defoliation (85 % foliage removal) of A. desertorum tussocks in the spring. The benefits of maintaining a high WUE at this time of year (when water was not limiting regrowth) are questionable. Caldwell et al. (1983a) have suggested that postponing water use with a high WUE might only result in the loss of water to competitors or the use of that water at a later time when increasingly stressful atmospheric conditions would result in a lower WUE.
Tussock water vapor conductances ranged from 40 to 118 mmol H20 m -~ s 1 prior to defoliation in this study. This is considerably below the maximal gw for single leaves of A. desertorum (200-250 mmol H20 m-2 s 1; Nowak and Caldwell 1986) . The lower gw of whole tussocks reflect the inclusion of older foliage and the large proportion of shaded foliage within the tussock (Caldwell et al. 1983 a) .
The differential increases in CERa among the clipping patterns (Fig. 2B ) cannot be attributed to differences in stomatal responses because gw and cl increased equally among all clipping patterns (Fig. 4 C, D) . Increases in stomatal conductance of leaves remaining after defoliation have been frequently observed (Gifford and Marshall 1973; Delting and Painter 1983; Wallace et al. 1984) . A reduction in the proportion of foliage shaded within the tussock, which was observed in nearly all clipped tussocks (Gold and Caldwell 1989b) , may have played a role in the increased gw-The increased gw of -lower tussocks may also have reflected a higher proportion of younger foliage following clipping because younger leaves of A. desertorum have higher gw than older leaves (Nowak and Caldwell 1986) . It is unlikely that improved water status of remaining foliage, resulting from a decreased shoot:root ratio (McNaughton 1983), led to the increased g~ because Nowak and Caldwell (1984) observed no difference in the water status of foliage on clipped and unclipped A. desertorum tussocks.
Whole-tussock carbon gain
Increased photosynthesis (per unit area) of individual leaves following defoliation has been frequently observed in the laboratory (Dyer et al. 1982; McNaughton 1983 ) and more recently documented in the field (Nowak and Caldwell 1984) , but the response of whole-plant CO2 uptake in the field through a period of regrowth has not been reported. In our study, daytime COz fixation by the entire tussock (mol CO2 tussock-1) declined immediately after clipping (60% of foliage area removed; Fig. 3B ) despite increases of as much as 76% in CO2 uptake per unit foliage area (CERa) relative to control plants (Fig. 3 A) . In a laboratory study, Detling et al. (1979) also found that increases in photosynthetic rates per unit leaf area of Bouteloua gracilis seedlings did not fully compensate for the removal of about 62% of the leaf blade biomass.
Whole-tussock CO2 uptake is a function of CO2 uptake per unit foliage area (CERa) and the amount of foliage area. During the first week of regrowth (days 1 to 7) wholetussock CO2 uptake increased more rapidly in plants which had lower leaf blades removed than in uniform or -upper plants (Fig. 3 B) . However, there were no differences among clipping treatments in the rate of increase in CERa during that time period (Fig. 3 A) . Hence, the quicker recovery of whole-tussock CO2 uptake in the -lower plants during the first week following clipping resulted from higher rates of foliage reestablishment rather than more rapid increases in CERa. The rapid foliage regrowth (days 1 to 7) of-lower plants was associated with a greater initial increase in CERa following defoliation (days 0 to 1) than in uniform or -upper plants (Fig. 2B ). This suggests that the immediate influence of the spatial pattern of foliage removal on tussock CERe is quite important for subsequent rates of foliage regrowth and recovery of whole-tussock carbon gain.
In contrast to the link established in this study between canopy gas exchange and regrowth, the physiological bases for plant response to defoliation have usually been studied at the single-leaf level. Increases in light-saturated photosynthesis of remaining leaves has been frequently observed (McNaughton 1983) , but the relationship of this phenomenon to regrowth in the field has often been poor (Detling and Painter /983; Nowak and Caldwell 1984) . In some instances growth is limited by factors other than the current supply of photoassimilate (e.g., Briske 1986). Furthermore, the single-leaf approach does not consider inherent canopy properties that also affect canopy photosynthesis and growth (e.g., proportion of foliage shaded). The influence of defoliation on such canopy-level properties may be of equal or greater importance to canopy photosynthesis and growth than single-leaf physiology. Thus, the importance of single-leaf physiological responses can only be evaluated in the context of influences a particular defoliation may have on whole-canopy properties which also affect growth and photosynthesis.
